The size-exclusion separation of a water-soluble polyelectrolyte polymer, sodium polystyrene sulfonate (NaPSS), was demonstrated on common reversed-phase (C 18, C 4 , phenyl, and cyano) and hydrophilic interaction chromatography (HILIC) columns. The effect of common solvents -acetonitrile (ACN), tetrahydrofuran (THF), and methanol (MeOH), used as mobile phase modifiers -on the elution of NaPSS and the effect of column temperature (within a relatively narrow range corresponding to typical chromatographic conditions, i.e., 10
Introduction
Originally, aqueous size-exclusion chromatography (SEC) was known as gel filtration chromatography (GFC). It was used for separating water-soluble macromolecules, employing columns packed with cross-linked polydextran gels and using aqueous mobile phases [1] . Because of the low mechanical strength of gels consisting of cross-linked carbohydrates (dextrans), these gels could not be used in high performance liquid chromatography (HPLC). Attempts to use porous glass or silica packings, which are much stronger mechanically than soft gels, were unsuccessful because of issues related to irreversible adsorption and/or denaturation of polymers. Bare silica was not recommended for aqueous SEC due to its finite solubility in aqueous buffers and the presence of silanols [2] .
There are two main types of packings used for aqueous SEC: (i) silica with hydrophilic surface modification; and (ii) hydrophilic or ionic cross-linked polymeric packings [2, 3] . Cross-linked dextran gels are still used today, however in a different form. These gels are stable in most common buffers, salt additives, organic modifiers, and extreme pH [4] . For non-ionic polymers, polymer-based packings are preferred because they are much more mechanically robust than the dextran-based packings and less susceptible to adsorption effects than are either unmodified or chemically modified silica packings [4] . Anionic polymers can be analyzed on unmodified porous-glass or silica-gel packings, while cationic polymers can be separated on silica gel modified with cationic groups, such as 3-aminopropyl [3] .
For aqueous SEC, hydrophilic silica packings modified with 1,2-propanediol functional groups are the most common [2] . Such modifications neutralize the surface of the packing by blocking or reacting with many of the acidic silanol groups. Diol-modified stationary phases are ideal for SEC separation of biopolymers and synthetic water-soluble polymers, but can be problematic if polymers are charged. Polyelectrolytes can ion-exchange onto residual acidic silanols on bare or even diol-modified silica, if they are cationic, or be ion-excluded from negatively charged pores, if they are anionic.
There are several hydrophilic cross-linked polymeric packings that are used for aqueous SEC. Most of them are proprietary hydroxylated derivatives of cross-linked polymethacrylates. Specialty packings available on the market, such as sulfonated crosslinked polystyrene, polydivinylbenzene derivatized with glucose or anion-exchange groups, a polyamide polymer, and cross-linked agarose, are considered "unusual" [2] .
The silica-based ethylene-bridged hybrid inorganic-organic (BEH) packing, introduced in the early 2000's, is a mixture of silica and organosiloxanes that form poly-ethoxyoligosilane polymers, provides not only improved chemical stability and reduced silanol activity, but can be manufactured with a large pore size [2] . Diolmodified BEH particles provide a significant reduction in silanol activity, which is favorable for biopolymer separations [5] .
There are several limitations of aqueous SEC columns, but the major one is that eluent selection may be limited with respect to pH and type/concentration of organic modifier that can be tolerated by the column. To select a column, the manufacturers' column specifications should be consulted for eluent compatibility. Care should be taken regarding the use of organic solvents when using polymeric packings designed for aqueous mobile phases, as employing a solvent incompatible with the column packing material can irreparably damage the latter [6] . Hydrophilic polymer gels shrink in organic solvents and usually only 10%-20% (v/v) of organic modifier can be added to the mobile phase [3] , a quantity which may not be sufficient to suppress undesired interactions of the solutes with the stationary phase.
Reversed-phase (RP) column packings, on the other hand, are rigid and compatible with a large variety of organic solvents and water, and therefore can be advantageous for use in SEC. While an interest in performing non-aqueous SEC using C 18 bonded phases has grown over the past few years [7] [8] [9] [10] [11] [12] [13] [14] , it is beneficial to investigate the applicability of contemporary RP columns for aqueous SEC. Starting from the 1970s, it was recognized that modification of the silica support offers an advantageous minimization of non-SEC effects. However, RP stationary phases were regarded as of limited use due to strong sorption properties with organic solutes if water or aqueous mixtures are used as eluents [15] . Nevertheless, bonded polar functional groups, producing hydrophilic phases, were considered promising. Typically, aqueous SEC analysis is challenging to the polymer characterization chemist, due to a variety of non-SEC effects which can potentially plague the separation. Unwanted interactions of solutes with the stationary phase, such as ion exchange, ion exclusion, ion inclusion, intramolecular electrostatic interactions, and adsorption are more commonly observed in aqueous SEC than when employing neat organic solvents as the mobile phase [3] .
A successful separation of biopolymers has recently been demonstrated on a hydrophilic interaction chromatography (HILIC) column [12] . In the present study, aqueous SEC on RP (e.g., C 18 , C 4, phenyl, and cyano) and HILIC columns is explored using the polyelectrolyte sodium polystyrene sulfonate (NaPSS), a linear synthetic polymer, of various molar masses. For the analysis of polyelectrolytes, one must be cognizant of their charge and adsorptive interactions with the column stationary phase that can affect their accurate molar mass determination. NaPSS polymer is both ionic (highly anionic) and relatively hydrophobic. Mori [16] proposed that the elution of NaPSS is governed by the compromise among three effects: size-exclusion, ion-exclusion, and hydrophobic interactions. Ionic interactions can be suppressed by the addition of an electrolyte to the eluent. Equally, the addition of an organic solvent to the mobile phase is required to analyze polymers with aromatic rings in their side chain, to reduce hydrophobic interaction with the particle matrix. To reduce elec- trostatic effects, sodium sulfate (Na 2 SO 4 ) was used in this study as an electrolyte in the aqueous component of the mobile phase, while to reduce hydrogen bonding and hydrophobic effects, tetrahydrofuran (THF), acetonitrile (ACN), and methanol (MeOH) were utilized as the organic component of the mobile phase, and their effect on the elution of NaPSS polymers was investigated. Also studied by evaluation of partition coefficients, K SEC , of the NaPSS analytes was the effectiveness of increasing column temperature on reducing non-SEC effects during the separations.
Experimental

Materials
HPLC-grade solvents: ACN was purchased from EMD Millipore Chemicals (Billerica, MA, USA), unstabilized THF and MeOH from Sigma-Aldrich (St. Louis, MO, USA). Deionized (DI) water was "in-house" from Barnstead Nanopure Diamond, D11911. Sodium sulfate was purchased from Sigma-Aldrich (St. Louis, MO, USA) and uracil (Acros Organics) from Thermo Fisher Scientific (Pittsburgh, PA, USA). NaPSS standards were purchased from Phenomenex (Torrance, CA, USA). Molar mass dispersities of all NaPSS standards were ≤1.20, and molar mass values given here correspond to the peakaverage molar mass (average molar mass at peak apex, M p ); both values were supplied by the vendor.
HPLC/UHPLC of NaPSS polymers
The liquid chromatographic system, an Agilent Series 1290 (Agilent Technologies, Santa Clara, CA, USA), consisted of a binary pump with an integrated high efficiency degasser (G4220A) able to handle a maximum backpressure of 1000 bar, a column thermostat (G1316C), an autosampler (G4226A) with thermostat (G1330B), and an ultraviolet-visible diode array detector (UV DAD) (G4212A) set at 258 nm for uracil detection and at 224 nm for NaPSS detection. Chromatographic data for Fig. 1 (A through C only) and Fig. 3 (C 18 only) were generated on an Agilent Series 1260 (Agilent Technologies, Santa Clara, CA, USA) that consisted of a degasser (G1322A), a column thermostat (G1316C), a binary pump (G1312B) able to handle a maximum backpressure of 600 bar, an autosampler (G1367E), and an UV DAD (G4212B). One microliter (1 L) volumes of a 0.2 mg mL −1 uracil solution in water and NaPSS standard solutions were injected into the chromatographic systems while the autosampler temperature was held at 5 • C, and eluted isocratically on the columns listed in Table 1 . Note that the columns (stationary phases) described in the text as "phenyl" and "cyano" were actually propyl-phenyl and propyl-cyano derivatized silica, respectively. The HILIC column/phase was a diol-modified silica. The columns were operated at seven discrete temperatures ( out at a flow rate of 0.30 mL min −1 . The chromatographic system was controlled and the data were acquired through a PC running 2010 Pro Empower 3 software, version 7.20.00.00 (Waters, Milford, MA, USA).
NaPSS standards preparation
All NaPSS standards were prepared in water at a nominal concentration of 1 mg mL −1 by dissolving approximately 10 mg of NaPSS in 10.0 mL of water. Three standard solutions were prepared as shown in Table 2 . The solutions were shaken manually and allowed to equilibrate overnight.
Results and discussion
Solvent modifier effect on elution of NaPSS
The initial analysis of NaPSS standard solutions was performed on a HILIC column (Table 1 ), using 0.2 mol L −1 sodium sulfate (Na 2 SO 4 ) solution in water as the mobile phase at a flow rate of 0.30 mL min −1 . One microliter (1 L) NaPSS solutions (Table 2) were injected into the chromatographic system, while the column was held at 30 • C. Fig. 1 (A) demonstrates a good separation of NaPSS standards by size, using different combinations of three molar mass standards (numbers denote M p values, in g mol −1 ): black trace (3420; 15,800; and 152,000; NaPSS 1 in Table 2 ); blue trace (891; 29,500; and 470,000; NaPSS 2 in Table 2 ); and green trace (6430; 65,400; and 976,000; NaPSS 3 in Table 2 ). However, the M p 891 standard did not elute from the column; it is a "missing" peak from the blue trace in chromatogram (A). NaPSS M p 891 apparently adsorbs irreversibly onto the stationary phase, and therefore does not elute, while the other NaPSS polymers of higher molar mass (M p 3420 through 976,000) elute by an SEC mechanism, as demonstrated in Section 3.3. NaPSS polymer is a macromolecule with ionizable groups and a hydrophobic backbone. In polar solvents such as aqueous solutions, the ionizable groups dissociate, leaving negatively charged chains while releasing sodium counterions into the solution [17] . The electrostatic interactions of the ionized groups on polyelectrolyte chains and the interactions of the polymer backbone with the surrounding solvent determine the conformation of the polyelectrolyte [18, 19] . In a poor solvent for the polymer backbone, such as water is for NaPSS, the polyelectrolyte chain size is determined by the balance of chain elasticity and electrostatic repulsion between charged monomeric units and strongly depends on the degree of polymerization (for linear polymers chain size increases as a function of increasing degree of polymerization) [20] . The chain becomes non-uniformly stretched and experiences stronger deformation in the middle than at its ends. In poor solvents for its backbone, NaPSS adopts a necklace-like structure of pearls connected by narrow strings or a rod-like structure, depending on the degree of sulfonation, in an attempt to balance electrostatic and hydrophobic interactions between monomeric units [20, 21] . Upon addition of a salt, the chains contract and assume a random coil conformation [22] . Based on this discussion, it can be assumed that M p 3420 through 976,000 NaPSS polymers are in random coil conformations and their charged sulfonate groups are effectively shielded at the experimental conditions described above, thereby preventing non-SEC interactions with the stationary phase. The chains of NaPSS M p 891, on the other hand, are of an insufficient length to adopt a coiled conformation. Their rod-like conformation has sulfonate groups exposed and available for electrostatic interactions with the diol-modified silica surface, and/or for hydrogen bonding with residual silanols and the bonded phase of the column packing. Additionally, end group effects tend to be much greater in oligomers than in polymers [23, 24] . If these end groups are somehow providing the most dominant analyte-stationary phase interaction, then oligomers will interact more strongly with the stationary phase than will polymers. Fig. 1(B) demonstrates that upon addition of methanol to the mobile phase (20 (v/v) %), the non-SEC interactions of M p 891 (indicated by an arrow) with the stationary phase are still significant but reduced, compared to the condition without the organic solvent modifier (Fig. 1A) ; M p 891 elutes as a broad, multimodal peak. The peak shape of M p 3420 is also improved by the MeOH-containing mobile phase, compared to the peak shape obtained using modifierfree mobile phase (Fig. 1A) . This is an indication that M p 3420 also experienced non-SEC interactions with the stationary phase in the absence of modifier in the eluent (Fig. 1A) . Elution of the higher molar mass NaPSS analytes is unaffected by the presence of MeOH modifier. Compared to MeOH, the same percentage of ACN (20%) in the mobile phase further reduces non-SEC interactions of M p 891 with the stationary phase; however, its peak shape remains broad and multimodal (Fig. 1C) .
The fact that a series of peaks are observed for the NaPSS M p 891 oligomer, rather than a single peak, may also suggest that this standard contains a collection of oligomers that differ from each other in degree of polymerization, degree of sulfonation, or both. When the ACN in the mobile phase is replaced by THF at the same percentage (20%), the peak shape of M p 891 is changed, where all multiple peaks collapse into almost a single peak, and its non-SEC interactions with the stationary phase are, if not eliminated completely, then minimized to a large extent (Fig. 1D) . A similar result can be achieved by increasing the ACN percentage to 30% as seen in Fig. 2 , where chromatograms generated with 80/20 (v/v) 0.2 mol L −1 Na 2 SO 4 in water/THF and 70/30 (v/v) 0.2 mol L −1 Na 2 SO 4 in water/ACN are compared. This effect of THF on the elution of M p 891 suggests that the ionized sulfonate groups of this oligomer might engage in hydrogen bonding with the nonionized residual silanols of the stationary phase, where the latter are disrupted by THF more efficiently than they are by MeOH and ACN due to the stronger hydrogen ion acceptor capability of THF. Weakly polar or non-polar solvents (e.g., THF) do not possess sufficient polarity to cause ion pair dissociation of a polyelectrolyte, and therefore, the interaction is controlled by aggregation of ion pairs, similar to the effect of the presence of salt [22] . A polyelectrolyte Table 2 (NaPSS 1 -dark blue trace; NaPSS 2 -green trace; and NaPSS 3 -light blue trace; red arrow points toMp 891 peak) on C18, C4, and phenyl columns using 70/30 (v/v) 0.2 mol L −1 Na2SO4 in water/THF mobile phase. Instrumentation: Agilent 1260 with a diode array detector with the C18 column and Agilent 1290 with a diode array detector with C4 and phenyl columns, set to 224 nm for NaPSS and to 258 nm for uracil. Other conditions: injection volume = 1.0 L; flow rate = 0.30 mL min −1 ; column temperature = 50 • C; autosampler temperature = 5
• C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) chain can adopt a coil-like conformation in a good solvent for the polymer backbone, depending on the magnitude of the charge [17] .
Effect of stationary phase chemistry on elution of NaPSS
Because of residual silanol groups, some of which ionize, hydrophobic RP columns (such as C 18 , C 4 , phenyl, and cyano) are subject to electrostatic interactions and hence to ion-exclusion phenomena, and possibly to hydrogen bonding, with the sulfonate groups of NaPSS. Additionally, RP ligands are subject to hydrophobic interactions with the NaPSS polymer backbone. As was seen in the previous section, organic solvent mobile phase modifiers can be ranked as THF > ACN > MeOH with respect to their ability to minimize non-SEC interactions of NaPSS polymers with a diolmodified HILIC stationary phase (i.e., ranking is with respect to solvent strength and assumes equal concentrations of each modifier). Because THF was successful in eliminating both hydrophobic and electrostatic interactions, separation of NaPSS polymers was evaluated on RP columns (C 18 , C 4 , and phenyl) using 70/30 (v/v) 0.2 mol L −1 Na 2 SO 4 in water/THF as the mobile phase. Fig. 3 Na2SO4/THF mobile phase. Third-order polynomial curves are fitted only for the NaPSS range between Mp 3420 and 152,000 (blue data points outlined in red). Data used are from triplicate injections. Instrumentation and other condition are as in Fig. 3 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
M p 891 on the C 18 column, which exhibits significant non-SEC interactions based on the fact that the majority of this oligomer elutes after uracil. As previously observed with the HILIC column, the elution of NaPSS M p 891 on RP columns evinces a collection of multiple, closely-related oligomers. Calibration plots, constructed for NaPSS standards (M p 3420; 6430; 15,800; 29,500; 65,400; 152,000; 470,000; and 976,000) from triplicate data points (injections) for each column (C 18 , C 4 , and phenyl) are typical with good correlation coefficients (R 2 ≥ 0.9985, n ≥ 18) for third-order polynomial fits (Fig. 4) . Fig. 5 demonstrates the separation of NaPSS solutes on phenyl, cyano, and HILIC columns. As the polarity of the stationary phase increases, phenyl < cyano < HILIC, the interaction of M p 891 oligomer with it decreases. The other NaPSS solutes of higher molar masses elute by an SEC mechanism on all columns, and their nearideal SEC elution is supported by the temperature study in the following section. However, the near-ideal SEC elution of all NaPSS analytes (including M p 891) is seen only on the HILIC column. To minimize non-SEC interactions of M p 891 NaPSS with the stationary phase, the less polar cyano stationary phase requires a higher concentration of organic solvent in the mobile phase than does the more polar HILIC column. The solid trace chromatogram in Fig. 6 demonstrates a significant change in the M p 891 peak shape on the cyano column using 65/35 (v/v) 0.2 mol L −1 Na 2 SO 4 in water/ACN mobile phase, compared to the blue dashed trace using 70/30 (v/v) 0.2 mol L −1 Na 2 SO 4 in water/ACN mobile phase. The peak shape of M p 891 on the cyano column with 65/35 (v/v) 0.2 mol L −1 Na 2 SO 4 in water/ACN mobile phase (Fig. 6 ) is similar to that on the HILIC column with 70/30 (v/v) 0.2 mol L −1 Na 2 SO 4 in water/ACN mobile phase (Fig. 5) .
Apparently, the resolution of M p 891 oligomers (2-mer, 3-mer, 4-mer, etc.), and, as a consequence, the peak shape/width of M p 891, depends strictly on the type of non-SEC polymer-column packing interaction that is predominant for a specific stationary phasemobile phase combination (e.g., electrostatic for HILIC; hydrophobic for C 18 ; hydrogen bonding with unionized residual silanols for all columns, etc.) within a total non-SEC effect from all contributing non-SEC interactions. As seen in Figs. 1-3, 5 and 6 , the resolution of the M p 891 oligomers is significantly decreased when non-SEC interactions are reduced, and as a result the peak shape of M p 891 can change from multimodal to almost unimodal. Earlier studies by Jandera et al. [25, 26] demonstrated that the interaction of strong acids containing sulfonic acid groups with the stationary phase depends strongly on the degree of sulfonation. The higher the dipole moment of the acid, the longer is the retention. Moreover, stationary phase properties such as type of packing, chemistry, and bonded ligand density strongly affect the retention, selectivity, and the band shape of the eluting acids. The degree of sulfonation of all NaPSS standards used in this work was provided by the manufacturer as "Degreee of sulfonation >90%; For calculation: Assumption: Degree of sulfonation is 95%". Therefore, this 5% difference in degree of sulfonation could have a stronger effect on the elution of oligomers (and specifically on the elution of NaPSS M p 891), rather than on that of larger molar mass polymers. While the degree of sulfonation, which is an average value, does not provide any information on its dispersity across the molar mass distribution (MMD) of the polymers, it can be expected that this dispersity, as a function of molar mass, is not substantial for the narrow MMD standards used in this study.
Temperature effect on elution and partition coefficients of NaPSS
To investigate the effect of column temperature on the elution of NaPSS and its partition coefficient, K SEC , the elution volumes of uracil (used to measure the total permeation volume) and the NaPSS polymer calibrants (g mol −1 ): 891; 3420; 6430; 15,800; 29,500; 65,400; 152,000 (used to measure total exclusion volume on the HILIC column); 470,000 (used to measure total exclusion volume on C 18 , C 4 , phenyl, and cyano columns) and 976,000 were measured. The mobile phases used for this study were 
where V r is the elution volume (or retention volume) of a solute; V 0 is the elution volume of an excluded peak, which is equal to the interstitial volume between the stationary phase particles; and V t is the total mobile phase volume (total permeation volume) 5 . Separation of uracil (black trace) and NaPSS calibrants from Table 2 (NaPSS 1 -dark blue trace; NaPSS 2 -green trace; and NaPSS 3 -light blue trace) on phenyl, cyano and HILIC columns using 70/30 (v/v) 0.2 mol L −1 Na2SO4 in water/ACN mobile phase. Instrumentation: Agilent 1290 with a diode array detector set to 224 nm for NaPSS and to 258 nm for uracil. Other conditions: injection volume = 1.0 L; flow rate = 0.30 mL min −1 ; column temperature = 60 • C; autosampler temperature = 5
• C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) [3] . Because enthalpic interactions generally decrease with increasing temperature, K SEC determined at 60 • C on the cyano and HILIC columns, and at 50 • C on the C 18 , C 4 , and phenyl columns, were used as the reference to calculate % K SEC (the percent change in K SEC between each temperature and the reference temperature) for K SEC determined at column temperatures set to 50 Tables  3 and 4 for NaPSS standards on each column in each mobile phase.
While there are no strict rules for the assessment of a partition coefficient's dependency on column temperature, it will be regarded here that if % K SEC is below 10% (and certainly below 5%), then solutes are eluting by a near-ideal SEC mechanism, which is virtually devoid of enthalpic interactions; conversely, if % K SEC is 10% or greater, then the elution is by a non-ideal SEC mechanism, where the enthalpy change contributes appreciably to the separation of solutes. The reason for the upper temperature limit being lower on the C 18 , C 4 , and phenyl columns than on the cyano and HILIC columns (50 • C on the former three columns versus 60 • C on the latter two) is that when a mobile phase of 70/30 (v/v) aqueous 0.2 mol L −1 Na 2 SO 4 /THF was used at a column temperature of 60 • C, all the NaPSS peaks collapsed into one peak, eluting at an retention volume lower than the exclusion volume of the column and exhibiting significant tailing (note that even uracil experienced a significant peak shape distortion and a retention time shift to a lower value, approximately 1 min less). This could possibly be due to Na 2 SO 4 salt precipitation from the mobile phase onto the column at high concentration of THF solvent and at higher temperature (e.g., 60 • C), since the solubility of Na 2 SO 4 decreases slightly at temperatures higher than 32.38 • C [27] . The decrease in solubility might also be enhanced by the presence of a medium polarity solvent at high concentration (e.g., 30%).
From Table 3 , the calculated % K SEC values indicate that the elution of NaPSS standards with 70/30 (v/v) aqueous 0.2 mol L −1 Na 2 SO 4 /THF mobile phase on the C 4 and phenyl columns is by a non-ideal SEC mechanism and is influenced by non-SEC interactions at all temperatures (10 • C through 50 • C). The oligomer M p 891 elutes after the total permeation volume at a column temperature of 10 • C, and its peak shape is a collection of multiple peaks on both the C 4 and phenyl columns (chromatograms not shown). However, this peak elutes before the total permeation volume, and its width decreases, when the column temperature is raised to 50 • C (M p 891 is marked with an arrow in Fig. 3) .
In contrast, the elution of higher molar mass NaPSS standards (3420; 6430; 15,800; 29,500; and 65,400) with 70/30 (v/v) aqueous 0.2 mol L −1 Na 2 SO 4 /THF on the C 18 column is by a predominantly SEC mechanism (Table 3) , where enthalpic contributions are essentially absent within the range of 20 • C-50 • C. The exception is the elution of a higher molar mass NaPSS solute (152,000) for which the temperature range of near-ideal SEC is only 40 • C-50 • C. However, while the width of the oligomer M p 891 peak significantly decreases when the column temperature is raised from 10 • C to 50 • C, this peak still elutes after the total permeation volume at 50 • C as a collection of multiple peaks (red arrow in Fig. 3 indicates M p 891).
The HILIC column, on the other hand, provides the most inert surface for the present analyses. Values of % K SEC in Table 4 
Temperature
10
• C 20 over the entire temperature range investigated (10 • C-60 • C). The oligomer standard M p 891 elutes before the total permeation volume (before the uracil peak), and its nearly unimodal peak shape changes only slightly with temperature (M p 891 is marked with a red arrow in Figs. 7 and 8 ).
The cyano column also demonstrates a near-ideal SEC elution of NaPSS standards with 80/20 (v/v) 0.2 mol L −1 Na 2 SO 4 in water/THF mobile phase, but only over the temperature range of 40 • C-60 • C ( Table 4) . As previously observed when employing the C 18 column with 30% of THF in the mobile phase, the elution of NaPSS (Table 4) . However, the elution of M p 891 shifts to earlier volumes and its peak width significantly decreases, especially when the column temperature is raised above 60 • C (e.g., to 70 • C as in Fig. 10 ). Values of % K SEC , calculated from the reference temperature of 70 • C in Table 5 , demonstrate the nearly-ideal SEC elution of NaPSS standards over the range of 30
Similarly to what was observed for column-mobile phase combinations in Section 3.2, temperature may have a significant impact on the resolution of an assembly of M p 891 oligomers, and thus on the peak shape/width of M p 891. From Fig. 9 and 10 , it can be seen that a column temperature increase changes the elution mechanism of M p 891 oligomer from non-SEC, or non-ideal SEC, to near-ideal SEC, and therefore this temperature increase significantly reduces the resolution of this assembly of oligomers, and its peak shape changes from multimodal to unimodal (Fig. 10) . If an increase in column temperature does not change the elution • C, and 60
• C column temperatures. NaPSS standards, instrumentation, and other conditions as in Fig. 7 . (For interpretation of the references to colour in text, the reader is referred to the web version of this article.) mechanism of M p 891 oligomer (i.e., remains strictly as near-ideal SEC), then the temperature impact on the resolution and peak shape/width of this assembly of oligomers is minimal (Figs. 7 and  8 ).
Conclusions
Silica-based RP and HILIC columns are very attractive for aqueous SEC separations because they are compatible with all organic solvents and water, stable at low and moderately high pH, require short equilibration times, provide excellent efficiency (due to small particle sizes), and are relatively inexpensive. Particle pore sizes of 300 Å in RP columns can accommodate a wide range of polymer molar masses (up to approximately 500,000 g mol −1 for NaPSS).
Chromatographic resolution of solutes can be enhanced by extending the length of a column, thereby providing a plate number increase. Almost all RP columns are available in 250 mm lengths, as opposed to the 150 mm columns used in this study. However, a wide acceptance of RP columns for SEC will depend on the availability of columns with large pore sizes to cover high (greater than 500,000 g mol −1 ) or even ultra-high (greater than 1,000,000 g mol −1 ) ranges of molar masses. A further development in RP column technology that would target significantly higher column phase ratios is necessary.
Non-SEC effects on silica-based RP and HILIC columns can be minimized by the addition of an electrolyte and/or an organic modifier, such as ACN or THF, to the mobile phase, and by increasing column temperature (e.g., to 50 • C or 60 • C). The best performance • C, and 60
• C column temperatures. NaPSS standards, instrumentation and other conditions as in Fig. 7 .
is seen when employing polar, medium polarity and even longligand non-polar stationary phases, such as diol-(HILIC), cyanoand C 18 -modified silica, where the elution of the NaPSS polyelectrolyte is by a near-ideal SEC mechanism. Short-ligand non-polar hydrophobic stationary phases, such as C 4 , and phenyl, are prone to non-SEC interactions and therefore NaPSS elutes by a non-ideal SEC mechanism. Low molar mass oligomers (<3000 g mol −1 ) of water-soluble polyelectrolytes may experience electrostatic, hydrophobic, hydrogen bond, or other types of non-SEC interactions with the stationary phase of RP and HILIC columns. These interactions are possibly the result of a combination of differences in structural conformation and degree of sulfonation, as well as end-group effects, compared to their polymeric counterparts.
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